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Finite element assisted design of the eaves joint of cold-formed steel
portal frames using single channel-sections
Pouya Pouladi 1, John Ronaldson 2, George Charles Clifton 3, Jason Maxwell
Ingham 4, Andrzej M. Wrzesien 5, Paul Milewski 6, James B.P Lim3
Abstract
A finite element model is described for the eaves joint of a cold-formed steel
portal frame that comprises a single channel section for the column and rafters
eaves connections. The members are connected to the brackets through both
screws and bolts. Such a joint detail is commonly used in practice in New Zealand
and Australia, where the function of the screws is to prevent slip of the joint during
frame erection since the bolt holes are detailed for nominal clearance. The results
of the finite element model are compared against two experimental test results. In
both, the critical mode of failure is a combination of torsion of the eaves joint and
shear failure of screws. It is found that at ultimate load, the bolts have not engaged
i.e. they have slipped. It is shown that the stiffness of the joints can be accurately
predicted from the equations of bolt and screw stiffness of Zaharia and Dubina
(2000). It is also shown that the finite element model can be used to determine
both an upper and lower bound to the failure load.
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Introduction
Cold-formed steel portal frames are a feasible and cost-effective alternative to
hot-rolled portal frames up to spans of around 25m in countries with no or low
snow loading. Advantages of cold-formed steel portal frames include being
lightweight, having ease of transportation, as well as not requiring skilled workers
for on-site assembly (Lim, Wrzesien et al., 2016). It is well-known that the
behaviour of the eaves and apex joints are critical, as they need to carry bending
moment as well as axial and shear force. The bending moment diagram under
gravity load of such a frame with typical eaves connection rotational stiffness is
shown in Figure 1.

Figure 1 Typical bending moment diagram of the portal frame under gravity
load
Experimental and numerical studies have previously been reported in the
literature on the behaviour of cold-formed steel portal frames, including work by
Baigent et al. (1982), Kirk (1986) (see Figure 2 (a)), Bryan (1993), Lim and
Nethercot (2002 and 2004), Mills and LaBoube (2004) (see Figure 2 (b)), Dubina
et al. (2007), Kwon et al. (2008), Wrzesien, Lim et al. (2012) and Blum (2016)
(see Figure 2 (c)).
This paper considers an eaves joint arrangement not previously investigated in the
literature. It comprises a single channel-section and bracket, connected through
screws and bolts, as shown Figure 3 and is very commonly used in practice in
New Zealand and Australia for frame spans of up to 25 m. The function of the
screws is to prevent slip of the joint during frame erection, as the bolt holes are
nominally sized clearance holes.
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(a)

(b)

(b)
Figure 2 Eaves joints tested by (a) Kirk (1986), (b) Mills and LaBoube (2004),
(c) Blume (2016)

Figure 3 Eaves joint arrangement with single channel-section and bracket,
connected through screws and bolts: (a) general assembly; (b) eaves bracket
Experimental investigation
Two eaves joints, designated as Specimens A and B, were tested under combined
closing (negative sign) bending moment, axial force, and shear force, which is the
case in a real portal frame subjected to vertical loading. The specimens were made
of high strength AS1397 G450 steel with minimum yield strengths of 450 MPa.
The tests were conducted in the University of Auckland Structural Test Hall. A
photograph of the laboratory test arrangement is shown in Figure 4. As can be
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seen, the eaves connection was tested vertically. The test set-up was similar to
that used by Mills and LaBoube (2004), but with additional eaves purlin to
provide lateral restraint, as would exist in practice. Using this test set-up, the
proportion of axial load to bending moment would be slightly higher in the tests
than that would be in practice (Mills and LaBoube, 2004), but this geometry was
limited by the available testing machine. The dimensions of the Test Specimens
are shown in Figure 5. The lever arm for bending moment generation at the eaves
joint, measured from the pin to the centreline of the joint, was 705 mm (see Figure
5).

Figure 4 Photograph of laboratory test set-up of eaves joint with purlin

Figure 5 Schematic diagram of eave joint Test Specimens
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As was seen in Figure 3, a C15024 single channel-section was used for the column
and rafter and C10015 for the eaves purlin. Table 1 shows the average measured
dimensions for both channel sections.
Table 1 Measured average centreline channels dimensions
Section
C15024
C10015

Height
(mm)
149.24
100.19

Flange width
(mm)
63.16
51.06

Lip width
(mm)
16.05
12.17

Thickness
(mm)
2.48
1.56

The dimensions of the eaves bracket used for each Test Specimen are shown in
Figure 6. The average measured thickness of the brackets was 2.48 mm. As can
be seen, bracket sizes were slightly different for Test Specimens A and B.

(a) Test Specimen A
(b) Test Specimen B
Figure 6 Screw and bolt arrangement and the corresponding size of eaves
bracket
The column and rafter were connected to the bracket using M16 Gr 4.8 bolts and
No. 12-14x20 Tek screws. In both tests, the bolts were only finger-tightened
which is lower than the specified snug tightening condition. Bolt holes were
clearance holes with 18 mm diameter. According to the screw supplier catalogue
(Buildex, 2018), the screws have a single shear capacity of 8.5 kN.
The purlin was connected to the eaves joint via a 3 mm thick angle bracket
screwed to the bracket with eight screws (see Figure 3 (a) and Figure 4). The other
end of the eaves purlin was fixed to a rigid support, as shown in Figure 4 (a).
As shown in Figure 5, two 6 mm stiffening plates were bolted to the webs of the
column and rafter at the pin locations preventing local failure at the point of load
application. At each loading point, a 30 mm diameter pin was inserted through
holes drilled in the stiffening plates and the webs of the column and rafter. A
displacement-controlled load via 500 kN capacity MTS machine were applied to
the specimens as the cross-head of the testing machine was moving at a constant
rate of 1 mm/min until the failure of Test Specimens.
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Figure 7 shows the variation of the load against displacement for Test Specimens
A and B. Both specimens showed a slightly rigid behaviour at the beginning of
loading until the load reached approximately 2 kN. This higher gradient of the
load-displacement curves can be explained by the friction in the assembly. Then,
the gradient of the load-displacement curves was approximately constant until the
first screw failed in shear (see Figure 6) associated with 8.04 kN and 8.50 kN for
Test Specimens A and B, respectively. The sudden loss of load due to screw
failure was about 1.5 kN and 1 kN for the Test Specimens A and B. For Test
Specimen A, the second screw had failed immediately after the first screw which
led to a slightly higher load loss than Test Specimen B. Then, the gradient of the
load-displacement curve continued to increase gradually until the peak load
reached for the Test Specimen A at 8.67 kN, associated with the yielding of the
bracket. While for Test Specimen B, the second screw failed after the load reached
9.25 kN. After the second screw failed, the load increased gradually until the
bracket failed due to plastic mechanism formed in the bracket at 8.07 kN. The
failure load and the peak load of the specimens A and B are shown in Table 2.

Load (kN)

12

1st and 2nd screw failure

10
8
6
4
0

Exp

: screw shear reaches 11 kN
●: screw shear reaches 8.5 kN

2
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▲

0
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50

60

Cross-head displacement (mm)
(a) Test Specimen A

Load (kN)
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10
8
6
1st screw failure

4
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: screw shear reaches 11 kN
●: screw shear reaches 8.5 kN
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0

2nd screw failure

▲

0

10

20

30

40

50

60

Cross-head displacement (mm)
(b) Test Specimen B
Figure 7 Variation of the load against displacement of Test Specimens A and B
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Table 2 Experimental failure load (kN)
Test
A
B

Load at first screw failure
8.04
8.50

Peak load
8.67
9.25

Figure 8 shows photographs taken at the ultimate stage of loading i.e. 50 mm for
Test Specimen A. As can be seen, the failure of such eave joint could be
categorised into:
(a) failure of the screws
(b) twisting of the channel sections
(c) formation of a yield line in the bracket

Figure 8 Mode of failures for Test Specimen A in 50 mm displacement: (a),(b)
Experiment; (c),(d) FEA.
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The finite element mesh used for analyses of Test Specimens A and B are shown
in Figure 9. The finite element program ABAQUS was used for the analyses. The
channel-section and bracket were modelled with 4-node doubly curved S4R shell
elements with linear interpolation, reduced integration and hourglass control.
Adaptive mesh sizes were applied to the model, with mesh sizes of 5 mm were
used in the brackets.

Figure 9 Isometric view of the finite element mesh of Test Specimens A and B
Instead of modelling the screws and bolt holes physically, the screws and bolts in
the joints were modelled using point-based fasteners, which act as multi-point
constraints.
The axial stiffness of the bolts was taken as EsAb/Lb (where Es=elastic modulus of
elasticity, Ab=cross sectional area of the bolts, Lb=length of the bolt which equals
to t1+t2 where t1 = thickness of the bracket and t2 = thickness of the channel
section).
The overall screw/bolt-hole shear stiffness, caused by bearing of the fastener
against the fastener hole is given by the kZD value. This stiffness value used in the
FEA model was taken as per the semi-empirical equation by Zaharia and Dubina
(2000):

k ZD

=

d

6.8
(

5
t1

+

5
t2

(kN / mm)
− 1)

(1)
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where d is the nominal diameter of screws and bolts.
Although this formula was mainly developed for bolted connections in tolerance
holes, it was demonstrated by Wrzesien (2016) that it can also be used for
estimating shear stiffness of screwed joints. In this work, Wrzesien (2016) had
conducted a serious of tests on lapped screwed joints and compared experimental
shear stiffness versus calculated values. The shear stiffness values used in the
FEA idealisation of the screws and bolts (kscrew and kbolt respectively) are presented
in Table 3.
Table 3 Values of kZD of the screws and bolts as per Zaharia and Dubina (2000)
Screw
Bolt

d (mm)
5.5
16

t1 (mm)
2.47
2.47

t2 (mm)
2.48
2.48

kZD (kN/mm)
5.24
8.93

In the finite element model, by using the point-based fasteners, the bolt hole
elongation was modelled with 1 mm slip (see Figure 10). The free rotational
degree of freedom was considered for both the screws. It was assumed that the
bolts could freely rotate axially since they are finger tight. The other two rotational
degrees of freedom were considered to be rigid. Contact interaction with normal
hard behaviour and frictionless tangential behaviour were modelled between all
surfaces.

150
100

Force

200

Bolt: No slip
Bolt: Slip
Screw

50
0
-50

Slip

Displacement

-100
-150
-200

Figure 10 Force-displacement relationship of the screws and bolts

Static general analysis with geometric and material nonlinear properties was used.
Young’s modulus and Poisson’s ratio were taken to be 200 GPa and 0.3,
respectively. An elastic-perfectly plastic stress-strain curve was used, with a yield
stress of 450 MPa.
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The FEA results are also shown in Figure 7. As can be seen, the shear stiffness
values of kZD for the screws and bolts (shown in Table 3), have resulted in the
close prediction of the load-displacement curve by the FEA. Table 4 summaries
the values of the gradients for both FEA and experimental load-displacement
curves.

Table 4 Gradient of the load-displacement curve
Test
A
B

Exp (kN/mm)
0.34
0.31

FEA (kN/mm)
0.33
0.31

As was mentioned previously, the FEA does not take into account failure of the
screws (or bolts). The failure load of the eaves joint predicted by the FEA can,
therefore, be considered to be an upper bound to the failure load of the joint.
It is useful, however, to identify the point on the FEA load-displacement curve
that the screws reach the shear failure load of 8.5 kN (as given by manufacturer’s
catalogue). This point is identified in Figure 7 and can be seen to be a lower bound
to the failure load of the joint. For comparison, the point on the load-displacement
curve that the screws reach a shear load of 11 kN is also shown. It can be expected
that the ‘true’ shear resistance of the single screw is higher than this recommended
for the design. The standard deviation analysis and additional safety factors could
explain the difference between measured and design value.
Figure 8 also shows the failure mode predicted by the FEA model. It can be seen
that the FEA predicted failure modes are in agreement with those of the
experimental tests.
Effect of bolt slip
In the previous section, a bolt slip of 1 mm was considered. In this section, the
finite element models are re-run considering:
•
•

no bolt-slip (i.e. the diameter of the bolt-holes is the same as the diameter
of the bolt)
bolt-slip of 5 mm (i.e. representing slotted holes)

Figure 11 shows the resulting load-displacement curve of the Test Specimens A
and B. It can be seen that increasing the bolt-slip from 1 mm to 5 mm does not
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affect the gradient of the load-displacement curve when compared with the
experimental results.
Figure 11 also shows the point where the shear in the screw reaches 8.5 kN. If this
is assumed to represent the failure load, it can be seen for Test Specimens A that
this point lies above the experimental failure load when bolts engage and do not
slip.
Figure 12 shows the FEA-predicted connection stiffness with screw/bolt holes
elongation stiffness from Zaharia and Dubina (2000) when bolts do not engage
due to slipping. Figure 12 also highlights a large contribution of screw/bolt holes
elongation stiffness to the overall stiffness of the eaves connection. This is
demonstrated by the upper bound theoretical model in which ‘rigid’ Cartesian
Connectors are used for modelling screws and bolts.
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(a) Test Specimen A
●: screw shear reaches 8.5 kN
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(b) Test Specimen B
Figure 11 Effect bolt slips for Test Specimens A and B
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bolts (No slip)
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No bolt slip

0.4

Exp
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0.0

0

1
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0.2
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Bolt slip

0.0

0

1

Displacement (mm)

(a) Test Specimen A
(b) Test Specimen B
Figure 12 Effect of bolt slip on the gradient of the load-displacement curves
Effect of screw shear stiffness
As shown in Figure 13, a sensitivity study was carried out on how shear stiffness
of the single-screw connection could affect the stiffness of the eave joint with bolt
slippage. The ratio of gradients of the load-displacement curves K/KExp was used
to describe the increase (i.e. K/KExp > 1) or decrease of eaves joint stiffness. It
should be mentioned that gradient K is calculated from the finite element results
and gradient KExp is constant.
The shear stiffness of the single-screw connection varied in the analysis as
αkscrew,ZD, where α is a factor which describes increase or decrease of the shear
stiffness (see Figure 13). Bolts were assumed to be not engaged due to slipping.
As can be seen in Figure 13 a non-linear relationship is shown between eaves joint
overall stiffness and a shear stiffness of the single screw used in the connection.
The ratio of gradients (K/KExp) is more affected when more flexible screws are
used, i.e. α < 1. While the stiffness of the screws increased (α > 1), e.g. using the
larger diameters of the screws, the gradient is much less affected.
The stiffness of the Test Specimens A and B were also compared with the
theoretical upper bound case where screws are behaving as rigid in Figure 13, i.e.
α approaches ∞. K values were calculated for the Test Specimens A and B and are
the gradient of the load-displacement curves obtained from the FEA. It was
demonstrated that the upper bound stiffness of the eaves joint cannot be reached
using assumed screws configurations and shear stiffness of single screw 5 times
greater than the typical one.

541

K/KExp

3

Rigid screws

2
1
0

0

2

α

3

4

5

4

5

(a) Test Specimen A
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0
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(b) Test Specimen B
Figure 13 Effect of screw stiffness (bolts assumed not to engage)
Conclusions
Eaves joint of a cold-formed steel portal frame, comprising a single channelsection and bracket, connected through both screws and bolts were investigated
with finite element method. The following general conclusions can be drawn:
•

•
•

While the screws are nominally provided in practice to prevent slip of
the joints during frame erection, it is found that it is the screws that
contribute to the connection stiffness and that the bolts do not engage;
the explanation for this is shown to be that the bolt-slip and that any such
bolt-slip needs to be taken into account in an FEA analysis.
Furthermore, it is shown that the stiffness of the joints, attributable to
screw hole elongation, can be predicted from the equation on screw/bolt
stiffness provided by Zaharia and Dubina (2000).
The use of the finite element model leads to a lower-bound estimation of
the strength by considering screw failure, which can be used for the safe
design of eaves joints. Also, in the absence of the screws failure, an
upper-bound solution for the ultimate strength of the eaves joint could
be expected.
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Appendix. – Notation
α = stiffness of the screw related to related to that of Zaharia and Dubina (2000)
d = nominal screw or bolt diameter
kbolt = shear stiffness of the bolt
kZD = shear stiffness of the screw or bolt based on Zaharia and Dubina (2000)
kscrew,ZD =shear stiffness of the screw based on Zaharia and Dubina (2000)
t1 = thickness of the plate in contact with the screw head (bracket)
t2 = thickness of the member not in contact with the screw head (channel section)
Ab = cross-sectional area of the bolt
Es = steel modulus of elasticity
K = gradient of the finite element load-displacement curve
KExp = gradient of the experimental load-displacement curve
Lb = bolt length in the lap joint connection
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